Concentrations of Cu, Fe, Zn, Ca, and phytate were measured in dry-milled corn bran, wheat brans, and soybean hulls prior to being baked in bread and after passage through the human GI tract. Significant changes in mineral concentrations in the retrieved remnants compared to the starting materials were as follows: Cu, Fe, and Zn increased by factors of from two to four and Ca increased at least ten-fold in dry milled corn bran; Ca increased and phytate decreased in wheat brans; Zn increased and Fe decreased in soy hulls. These studies show that indigestible remnants of wheat brans in the human colon associate preferentially with calcium and that dry milled corn bran remnants can be loaded with increased concentrations of all four minerals. and especially with calcium. Concentrations of minerals and phytate were significantly greater in whole fecal samples from wheat bran diets than in the corresponding retrieved bran remnants.
Introduction
It is now well accepted that dietary fiber sources such as wheat brans have the property of interacting with minerals in human diets, Clinical studies have demonstrated these effects with much recent attention given to interference with iron absorption (1-3). Studies in vitro have examined various questions of interactions between minerals and brans and other dietary fiber sources (4) (5) (6) (7) in attempts to elucidate mechanisms by which interactions might occur that would affect mineral bioavailability in humans. Aspects of both in vitro and in vivo studies were examined by James in a recent pertinent review (8) in which considerable attention was given to the role of phytate as an agent affecting mineral bioavailability. An appropriate warning was given when James wrote, ". . . that it is unwise to extrapolate from the binding properties of plants assessed by in vitro experiments to the ability of the body to absorb the element when ingested with the binding agent."
The purpose of this study was to examine the mineral binding behavior of some wheat brans, soybean hUlls, and dry milled com bran that were baked in bread, ingested, and passed through the digestive tract of healthy, adult, male, human volunteers. The mineral contents of the bran tissues and soy hulls were compared prior to and after passage.
Materials and methods
Most experimental details. feeding regimens and analtyical procedures relating to this study have been published (9) . Throughout this study the volunteers were fed realistic Western type diets to which modest amounts. 26 gjday, of the fiber sources were added by incorporation into white bread. Approximately 25% of the flour in a standard yeast bread recipe was replaced by the desired dietary fiber source. Accuracy of food intake and fecal collections was monitored by requiring that the volunteers live in the controlled environment of a metabolic unit during the studies. An earlier report describes some effects of gastrointestinal passage upon bran tissues and describes the method used to retrieve bran remnants from lyophilized fecal matter (10) . It is worth recalling here that about 5 to 10 g of lyophilized, defatted, whole fecal matter was rehydrated overnight in about 500 ml of distilled water. The particulate remnants were collected on stainless steel sieves and repeatedly rinsed with distilled water. Bran remnants examined in the present study for the purpose of mineral content measurements were those collected on 40 mesh US sieves. Mineral content of wet ashed substances was determined by atomic absorption (II. 12).
Phytate analysis on initial bran sources and soy hulls was accomplished with a previously reported method (13) . A modification of the procedure was used on whole fecal samples and bran remnants retrieved from feces. This modification consisted of adding 100-200 !Lmol of disodium ethylenediamine tetraacetate (EDTA) to the 20 mI of 0.5 N HCl extraction solution, as was suggested by the work of Ellis and Morris (14) . Phytate in EDTA treated samples was determined by measuring phosphorus colorimetrically in the 2 N HCl eluate from the ion exchange resin. This was done because of evidence that residual EDTA would harm the CIS reverse phase column.
Samples treated by a neutral detergent fiber (NDF) procedure were first heated in boiling distilled water for 10-15 min, cooled. and then exposed to a amylase (Sigma A68080) in phosphate buffer, pH = 7.1, at 55°C for I h. This mixture was then refluxed in detergent solution for I h (15) . The residue was collected, washed repeatedly with hot water, and air dried in a hood. Nitrogen was determined by a semi-micro Kjeldahl method.
Wheat brans examined in this paper originated from: AACC bran, a blend of soft white winter wheat brans purchased from the American Association of Cereal Chemists; Waldron, a variety of hard red spring wheat; and durum wheat. Sieved fractions passed through an 18 mesh sieve and collected on a 30-mesh sieve were used in the human feeding studies.
Experimental design and constraints
The term "bran" in these experiments and calculations is conceptually intended to mean the pericarp tissues and aleurone layer of a wheat seed, the hulls of the corn kernel, and the seed coat of the soybean. Soybean hulls and dry milled corn bran samples were available in a relatively clean condition in the sense that they contained less than 5% extraneous matter such as endosperm, or germ. Therefore, measured minerai contents of dry milled corn bran and soybean hulls are used without corrections in later calculations.
Wheat bran fractions are not only pericarp tissues and aleurone layer; significant amounts of endosperm may adhere to the bran particles. The amounts of adhering endosperm are partly a function of the milling process. The minerai content of the wheat berry has been shown to be concentrated in the outer layers of tissue: about 56-60% in the aleurone layer, 7-10% in the pericarp, testa, and hyaline layer. 5-8% in scutellum. 3-4% in the embryo. and 20-26% in the endosperm (16) . When half gram samples of wheat brans were placed in 50 ml beakers with 10 ml of 0.1 N HCI for 4 h at 37YC major amounts of adhering endosperm would slough off. This in vitro treatment was used in another study in an attempt to simulate conditions in the human stomach. The weight of material removed from bran particles by this procedure was accepted as an estimate of adhering endosperm. The minerai contents of the outer layers of the initial brans were estimated by dividing the measured mineral content of the particles containing bran by the weight fraction of pericarp tissue remaining after contact with the 0.1 N HCI solution. This approximation was used to compare the mineral content of the initial wheat bran tissues with remnants retrieved after passage through the human GI tract. Bran tissues recovered in these studies from fecal matter showed no evidence of adhering endosperm.
A major concern in these experiments was to consider only those retrieved bran remnants that were sufficiently free of adhering fecal matter. Cell walls of brans contain small amounts of tightly bound protein that are not likely to be removed by passage through the human GI tract (17, 18) . Thus. a comparison of the relative protein content of initial pericarp tissues with that of retrieved particles. as measured by nitrogen content, provided a basis for judging whether or not the retrieved materials were suitable. Direct low power microscope observation was also used to verify that collections of retrieved brans did not contain significant amounts of particulate extraneous fecal matter.
Results
The loss of solids from wheat bran fractions treated in 0.1 N HCl averaged 30 ± 5%. These results agreed satisfactorily with the sum of starch measurements (19) and protein determinations by amino acid analysis. If one subtracts an estimated 3% for tightly bound cell-wall protein, values of 35, 28, and 28% were obtained respectively for the sum of endosperm starch and protein associated with the AACC, durum, and Waldron bran fractions used in this study. The remaining 70% of initial particle weight was considered to be "bran." An estimated adjusted value was taken to compare the mineral content of the initial bran tissue with retrieved remnants. Thus: (wt of mineral in initial bran fraction/ 0.7) :;: wt of mineral in an equivalent weight of "bran" or pericarp tissues and aleurone layer.
Bran remnants collected from fecal matter were found to vary greatly in the degree to which adhering fecal matter could be removed in the distilled water rinsing procedure. Dry milled corn bran particles were easiest to obtain in a "clean" state. Durum bran remnants appeared less susceptible to adhering fecal contamination than did remnants of the other wheat brans. Attempts to remove fecal matter from samples that registered high nitrogen values without affecting mineral content of the bran tissues were not satisfactory. Thus, there was available a limited number of retrieved wheat bran samples suitable for this study.
Nitrogen contents of retrieved brans considered to be relatively free of extraneous fecal material are presented in the first column of Table 1 . Nitrogen contents of the initial corn brans are about the same as those of the retrieved bran remnants. Retrieved soy hull remnants possess less nitrogen than do raw soy hulls. Comparisons with nitrogen contents of the original particles of wheat brans would not be useful in this study because adhering endosperm contained significant quantities of protein. Therefore, adhering endosperm, along with non-tightly bound cell wall protein, carbohydrate, and minerals were removed by treatment in boiling NDF solution. Average nitrogen contents of AACC and Waldron bran tissues treated with NDF solution are similar to those of retrieved bran tissues. Durum bran treated with NDF solution has a lower nitrogen content than the retrieved material and this result is also observed with the dry milled corn bran. Microscope examination of retrieved brans revealed that collections with higher nitrogen contents than listed in column I also contained noticeable quantities of extraneous fecal particulates and/or adhering fecal matter.
Some results of mineral content measurements on retrieved brans and the correspond-TABLE 1 % N in brans ing whole fecal matter samples from which the brans were retrieved are presented in Table 2 . Whole fecal matter contained appreciably higher amounts of minerals than did those retrieved bran remnants which were relatively free of extraneous fecal material. This characteristic is evident in comparisons of whole fecal matter and retrieved bran remnants of subject B, soy hull data, and of subject D, soy hull and durum wheat bran data. The mineral contents of bran remnants which were obtained from the same subject, which contained similar amounts of nitrogen, and which were ingested at intervals at least eight weeks apart, could vary markedly in concentration of one or more minerals. Thus, the durum wheat bran remnants of collections I and 2 for subject C varied in iron and calcium concentration. Concentrations of copper, iron, and zinc were greater in collection 2 than collection I of dry milled corn bran remnants from subject A. Differences between mineral concentrations in durum wheat bran remnants which contained the same amount of nitrogen but which were retrieved from different subjects are indicated by the higher values of calcium and iron and the lower value of zinc for subject D compared to corresponding values measured in collection I of subject C.
Mineral contents of brans prior to ingestion are displayed in Table 3 for comparison with the mineral contents of bran remnants retrieved after passage through the human digestive tract. Retrieved corn bran remnants were associated with significantly greater quantities of all four minerals. The averages for Cu, Zn, and Fe increased by factors that ranged from 2 to 4. Calcium associated with the retrieved remnants increased by at least a factor of ten over those of the initial corn bran. For the soy hulls there was no significant change in contents of Cu and Ca. However, the amount of zinc associated with the soy hull remnants increased and the amount of iron decreased, compared to amounts contained in the initial hulls. Values presented in column C for the wheat brans are adjusted to account for loss of adhering endosperm. Values at the 95% confidence level required for a statistically significant difference between mineral contents in columns C and S are listed in the column on the right. Contents of Cu, Zn, and Fe associated with retrieved wheat bran remnants were either lower or not significantly different than in the initial bran tissues. For each of the wheat brans the Ca associated with retrieved remnants was significantly greater than was the Ca associated with the initial material. The difference between column Sand C for each wheat bran is larger than the 95% confidence level value. Because of the limited number of samples available for analysis, differences significant at the 95% level were not reported in Table 3 for wheat brans unless all three varieties showed this result.
In Table 4 are presented wt% contributions ofthe sum of 40 and 80 mesh sieve collections of fecal remnants to total dry fecal weight. These two collections represented over 85% of the total collected sieved remnants from the higher fiber diets. (The remaining remnants were collected on 120 and 200 mesh sieves.) For corn bran over 90% of the collected material was on the 40 mesh sieve. The values in parentheses for wheat brans represent adjusted values to account for the estimated 30% loss of adhering endosperm. That is the values in parentheses represent estimated recovery weights if 26 g/day of wheat bran without adhering endosperm had been ingested. The results show corn bran to contribute most to fecal weight, with soy hulls and the wheat brans contributing about equivalent weights. Amounts of residues collected from control diets are in stark contrast to those collected from the higher fiber diets.
In Table 5 are displayed comparisons of phytate contents of initial fiber source fractions with remnants retrieved from fecal matter. Measurements were made on retrieved samples only if they were sufficiently free of extraneous fecal matter to also qualify for Values in parentheses are in column C are number of batches of fiber source, in column D are number of subjects from which fecal remnants were obtained. * Retrieved sample from single collections from each of 3 subjects. t Retrieved sample from two different collections of one subject, one retrieved sample from a single collection of another subject.
*Retrieved sample from single collections of each of 4 subjects. § Actual difference significant at 95% level. II Actual difference significant at >99% level. mineral content determination. The middle column contains values in parentheses that represent "adjusted" values which attribute the phytate content to the pericarp and aleurone tissues as previously discussed. It is quite clear from the data that the treatments of being baked in bread and passed through the human GI tract have removed most of the phytate from the collected wheat bran tissues. It is also clear that in this study phytate concentrations in fecal matter from low fiber control diets were significantly lower than from higher fiber diets to which wheat bran had been added.
Discussion
Selection of bran remnants free of extraneous fecal matter on the basis of microscope viewing is a necessary but not sufficient condition for it can be difficult to detect films of adhering fecal matter. Hence, the test of nitrogen content was deemed necessary to verify results of microscope viewing. The results that treatment of initial AACC and Waldron brans yielded nitrogen values equivalent to those of remnants proposed to be fecal matter free are interpreted to mean that: a) the remnants were indeed relatively free of fecal matter and, b) equivalent amounts of cell wall protein remained in the pericarp tissues after the two different treatments of being baked in bread and passed through the human GI system versus being boiled in NDF solution for I h. The lower nitrogen contents of NDF treated dry milled corn bran and durum bran suggest the cell wall bound proteinaceous materials of those two brans were more susceptible to the NDF treatment than to being baked in bread and passed through the human GI system. A major point to be noted from Table 2 is that the bran remnant samples in human fecal matter were regions of low mineral content compared to the mineral content of whole fecal matter. Concentrations of minerals in whole fecal samples are about 2 to 4.5 times greater than in the bran remnants free of adhering fecal matter. Thus, when bran remnants contained more of a given mineral than did the initial material one wonders whether or not the effect was caused by a concentration gradient in the colon which promoted mineral loading onto the remnants. The minerals associated with the retrieved bran particles are considered to be strongly associated in the sense that the particles were exposed to distilled water and distilled water rinses during the retrieval process.
The results in Table 3 for dry-milled corn bran were not expected. The ability of the corn bran to become loaded with more than ten times its normal calcium content has not, to our knowledge, previously been re- t SD among at least 3 determinations on same sample.
*Average of two determinations on single sample. § Average and SD of five different whole fecal samples; four were generated from diets containing Waldron bran and one was generated from a diet containing AACC bran.
II Average and SD of four different whole fecal samples.
ported. It appears that similar quantities of calcium may be added to both corn and wheat bran remnants. The association of other minerals, Cu, Fe, and Zn, with the corn bran remnants retrieved from the colon is demonstrated clearly. Dry-milled corn bran was practically indigestible and interpretation of results for corn bran is not compromised by the possibility of preferential digestion leaving behind remnants of greater relative mineral content. The results for Cu, Fe, and Zn with respect to the wheat brans were variable and not readily interpreted, partly because wheat bran did suffer significant attack during the processes of being incorporated into bread and passed through the GI tract. The same sort of problem exists in interpreting the soy hulls data. The apparent loss of iron and gain of zinc needs to be verified, for the present data cannot exclude the possibility of the effects being a result of preferential digestion of substrate.
The results which indicate wheat bran remnants bind calcium are likely to be valid even though the wheat bran tissue does suffer digestion. The work of O'Dell et al. (21) places 50-80% of elements found in wheat to be in the bran and middling fraction. Liu and Pomeranz used an x-ray microprobe to examine relative contents of minerals in barley (22) . They determined that of the calcium contained in the pericarp, aleurone cell wall, and aleurone grain (i.e. aleurone cell contents); 27% was in the pericarp, 23% was in the aleurone cell wall, and 57% was in the cell contents. Scanning electron micrographs (SEM) taken of retrieved wheat bran remnants revealed absences of endosperm, aleurone cell contents, and major loss of aleurone cell wall (10) . The morphological studies indicated that major amounts of calcium are contained in cereal pericarp tissues, aleurone cell walls, and perhaps aleurone cell contents. Since SEM evidence demonstrated significant loss of calcium containing components in retrieved wheat bran remnants, we do not believe partial digestion explains the increase in calcium content of these particles. Also, from the data of McCance et al. (23) on calcium contents of 75% and 85% extraction flours we estimated that the 30% adhering endosperm contributed about 65 J.lg/g Ca to the initial wheat bran fractions. In this respect the difference estimates for Ca are conservative since all initial mineral contents have been attributed to the bran tissues.
The results in Table 4 demonstrate the significant contributions to fecal matter made by indigestible particulate components of the higher fiber diets. The relative weight % contribution of the fiber sources also verify the greater indigestibility of corn bran. Soy hulls and the wheat brans made similar contributions to fecal weight when adjusted values are considered for the wheat brans.
Data in Table 5 demonstrate two main points: that a wheat bran particle loses most of its phytate through fermentative baking and passage through the digestive tract, and that the phytate content of fecal matter generated from a higher fiber wheat bran diet can be significantly greater than from a low fiber basal diet. Recent data indicated that whole wheat flour loses about 20% of its phytate content when baked into the type of bread used in these diets (24, 25) . It is assumed that the percent loss ofphytate from the added bran, that occurred during the fermentative baking process, should not be greater than for whole wheat flour. The whole fecal samples generated from the higher fiber wheat bran diets contained from about I to 2% dry wt phytate as compared with values of about 0.3 to 0.7% in samples from four basal diets. From these results we infer that a significant amount of phytate associated initially with the wheat bran particle was excreted with other components of fecal matter. Thus, in this study the wheat bran pericarp tissues in the colon may be thought of as regions of low mineral and low phytate surrounded by a matrix of material containing about two to four times greater mineral concentrations and about five to twenty times greater phytate concentrations. These results are interpreted as further indication that retrieved samples used in this study were adequately free of extraneous fecal matter.
The results in Tables 3 and 5 are relevant to current questions of interactions between minerals and dietary fiber components. It is clear that under realistic human physiological conditions minerals, especially calcium, can be loaded onto indigestible plant tissue remnants. Phytate in the plant tissues seems not necessary for this to occur in the environment of the colon. Nor, it appears, are uronic acids necessary. for the brans did not contain significant quantities of uronic acids.
James suggested that absorption from the human colon may be an important pathway for calcium incorporation into the human body (8) . The work of Partridge has demonstrated that colonic mineral absorption is important in growing pigs (20) . If it be true that colonic absorption of calcium is important in humans, then the data in this work provide an additional basis for suggesting that binding by wheat bran and dry milled corn bran is a potential mechanism for interfering with such an absorption pathway. The nutritional significance of the results of this study are yet to be determined. The questions of where in the GI tract the corn bran and the wheat bran obtain the additional minerals and where the wheat bran particle is parted from its associated phytate are relevant to an understanding of bran-mineral interactions. The volunteers in this study had average calcium intakes of 0.93 ± 0.04 g/day or 0.96 ± 0.07 g/day, respectively, when fed diets containing wheat bran or corn bran as the added fiber source. These quantities of calcium were sufficient to maintain all individuals in a state of positive calcium balance. Data from balance studies are being analyzed to determine whether or not the addition of 26 g/day of fiber sources had a significant effect on changing mineral balance levels of individuals participating in this study.
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